The mycobacterial cell wall is a dynamic structure that protects Mycobacterium 14 tuberculosis and its relatives from environmental stresses. Modulation of cell wall 15 metabolism under stress is thought to be responsible for decreased cell wall permeability 16 and increased tolerance to antibiotics. The signaling pathways that control cell wall 17 metabolism under stress, however, are poorly understood. Here, we examine the 18 signaling capacity of a cell wall master regulator, the Serine Threonine Phosphatase
properly downregulate peptidoglycan metabolism and upregulate antibiotic tolerance in 138 the transition to starvation. We observed that the same mutation has nearly opposite 139 effects on mycolic acid layer metabolism and antibiotic tolerance. Strain construction 157 Since pstP is an essential gene in mycobacteria, a PstP-knockdown strain was created 158 in multiple steps; first by creating a merodiploid strain using the M. tuberculosis pstP 159 gene, and then by deleting the native M. smegmatis pstP gene from its native 160 chromosomal location. The merodiploid strain was generated by introducing at the L5 were grown upto the log phase, spun down at 5000 rpm for 10 minutes, washed in HdB 235 starvation (with no glycerol and 0.05% Tween) media. After spinning down at 5000 rpm 236 for 10 minutes at 4°C, pellets were resuspended in the same media and OD at 600nm 237 was taken. HdB starvation (with no glycerol and 0.05% Tween) media was inoculated at 238 8 OD600=0.3 and incubated at 37°C for a total of five a half hours. OD600 was measured 239 and 5ml of new starvation media was inoculated at OD600=0.05. 8 μg/ml and 45 μg/ml 240 Meropenem was used for log-phase and starved cultures respectively. 10 μg/ml and 241 90ug/ml Isoniazid was added to log-phase and starved culture respectively. Samples 242 from the culture were serially diluted and plated on LB agar before meropenem or 243 isoniazid was added and then at several time points after. We performed growth curves with several clones of each mutant allele. We found that 273 the biological replicates of the T134A, T134E, T138A and T138E mutant strains had bi- Forchhammer 2012). This suggests that phosphorylations at T134 and T138 could be 282 very important in regulating the normal activity of PstPMsmeg in the cell. We suspect that 283 these mutations impaired growth so severely that suppressor mutations formed in 284 several of the biological replicates, giving rise to the inconsistent growth rates.
286
The Msmeg strains with pstP T171A and T171E mutations showed consistent and 287 reproducible growth rates ( Figure 1B) . The T171A mutants grew normally, but the T171E 288 grew more slowly than the wild-type ( Figure 1C ). Since T171E mimics constitutive 289 phosphorylation, this result suggests that the continuous presence of a phosphate on 290 T171 may inhibit cell growth. To assess how phosphorylation on T171 affects cell morphology, we observed the 294 Msmeg pstP T171 mutant and isogenic wild-type cells in log phase using phase 295 microscopy and quantified mean lengths (Figure 2A,B) . pstP T171A cells were about 0.5 296 µm shorter than the wild-type cells, on average. Because this strain grew at the same 297 rate as wild-type ( Figure 1C ), we assume that the rate of cell elongation is the same, but 298 that septation may be cued at shorter cell lengths. The pstP T171E strain has cell 299 lengths similar to the wild-type (Figure 2A ) despite the slower growth ( Figure 1C ). This 300 suggests that phosphorylation on T171 may downregulate elongation and division 301 equally. Phosphosite T171 on PstPMsmeg is important in regulating cell wall metabolism 319 Since pstPMsmeg T171 seem to play a role in regulating cell length in growth and stasis, 320 we hypothesized that it affects cell wall metabolism in different phases. To test this, we The peptidoglycan staining was consistent between the strains in log. phase ( Figure 3A) , 330 but in starvation, the pstPMsmeg T171E mutant stained much more brightly than the other 331 strains. This suggests that phosphorylation on PstPMsmeg T171 likely inhibits the 332 downregulation of PG synthesis in the transition to stasis, but that this phospho-site is 333 not important in peptidoglycan metabolism during rapid growth. Phosphorylated CwlM is 334 a major activator of peptidoglycan synthesis in log. phase growth and is Figure 3E ). In log. phase; however, both mutants show a significant decrease 343 in DMN-Tre signal compared to the wild-type ( Figure 3B ), though the pstPMsmeg T171E 344 mutant has weaker staining that pstPMsmeg T171A. These data imply that mycolic acid Thus, we hypothesize that the impaired trehalose staining is an indication more of 355 misregulation rather than downregulation of the FAS-II enzymes. if Msmeg fails to downregulate peptidoglycan synthesis in starvation, (Figure 3C ), then it 367 should be more susceptible to a peptidoglycan targeting drug. We meropenem-treated 368 PstPMsmeg wild-type, T171A and T171E strains in log phase and after 5.5 hours of 369 starvation, and quantified survival using a CFU assay. We saw that the pstPMsmeg 171E 370 strain was more tolerant to meropenem in log. phase, but more susceptible in starvation, 371 compared to pstPMsmeg T171A and wild-type strains ( Figure 4B, left panel) . The slower 372 growth of the pstPMsmeg T171E strain in log. phase may account for the greater tolerance 373 12 in that condition. The apparent failure of the pstPMsmeg T171E strain to downregulate PG 374 synthesis (Fig. 3) likely makes it more sensitive to peptidoglycan inhibitors in starvation.
376
Next, we treated our wild-type and pstPMsmeg T171 mutant strains with isoniazid, which 377 targets InhA in the FAS-II pathway of mycolic acid synthesis (Marrakchi, Lanéelle, and 378 Quémard 2000). In log phase, we see that the pstPMsmeg T171E strain is more 379 susceptible to isoniazid than the pstPMsmeg T171A and the wild-type strains ( Figure 4A , phospho-form may not be able to activate InhA~P by dephosphorylation in log phase.
383
Thus the pool of active InhA is decreased in this strain and the cells are sensitized to 384 further InhA inhibition by Isoniazid. Another possibility is that PstPMsmeg T171E likely 385 cannot properly regulate its activity against the FAS-II enzymes, and the misregulation of 386 the pathway increases sensitivity to pathway inhibitors. We don't see significant 387 differences in isoniazid sensitivity between the strains in starvation (Fig. 4B) , which 388 corroborates the observation that there is no difference in DMN-Tre staining either in 389 starvation (Fig. 3) . Thus, it seems that phosphorylation on T171 affects PstP's activity 390 against mycolic acid enzymes in log phase, but not starvation. isogenic pstP allele strains (WT, T17A and T171E) in HdB (no glycerol, 0.05% Tween).
501
Signals from 100 cells from each of three biological replicates were measured using 502 MicrobeJ. P values were calculated by unpaired t-test. P value <0.0001. 
